Complex syndromes such as atherosclerosis and type 2 diabetes are disorders that are associated with inflammatory processes involving innate and adaptive immunity. Emerging knowledge about the pathological consequences of immune imbalances in a wide range of disease settings is expected to help to identify novel therapeutic targets. However, current test systems for immunomodulatory drugs tend to be too simplistic, as they rely only on cells of the innate-or the adaptive-immune system, or they are complex, in vivo models, which are not suitable for screening purposes. Using a modified mixed lymphocyte culture ( 
INTRODUCTION
Recent studies revealed the prominent role for inflammation and immune response in diseases such as atherosclerosis and (noninsulin-dependent) type 2 diabetes, which are leading causes of morbidity and mortality in developed countries [1, 2] . Emerging knowledge concerning the predictive value and the pathophysiological implications of elevated serum levels of immune mediators such as C-reactive protein [3] [4] [5] and interleukin (IL)-6 [4, 6] might therefore pave the way for early intervention trials. These should focus on the preventive modulation of immune imbalances shown to precede disease manifestation rather than treating acute and chronic symptoms of cardiovascular and metabolic disorders. It is interesting that some of the currently used drugs for the therapy of atherosclerosis and type 2 diabetes have indeed been demonstrated to reduce serum levels of inflammation markers [7] [8] [9] .
However, the development of a broader panel of immunomodulatory drugs depends on the availability of simple but valid and reliable assay systems. The majority of assay systems uses cells of the innate-immune system such as macrophages and dendritic cells or T cell clones belonging to the adaptive branch of the immune system. In these cell lines as well as in isolated human peripheral blood mononuclear cells (PBMC), strong and/or unphysiological stimuli such as phytohemagglutinin or anti-CD3 antibodies are required to induce measurable responses. Whereas these approaches reveal details of molecular mechanisms of interaction between drugs and specific cell types, the aim of this project was the establishment and analysis of an in vitro test system that enables the screening for substances with immunomodulatory properties under more physiological conditions, allowing for mutual interactions between innate-and adaptive-immune responses.
To establish a valid test system for the analysis of immunomodulatory properties of a wide range of drugs, we combined antigen-presenting cell (APC)-mediated and lipopolysaccharide (LPS)-mediated stimuli to activate innate and adaptive immunity simultaneously in a modified mixed lymphocyte culture (MMLC). We analyze the molecular mechanism of interferon-␥ (IFN-␥) induction and demonstrate the feasibility of the MMLC system for the characterization of immunomodulation by cytokines and other therapeutically interesting substances.
MATERIALS AND METHODS

Preparation of PBMC
PBMC were isolated from sodium heparinate whole blood of healthy blood donors. After density gradient centrifugation over Ficoll Paque-Plus (Amersham Pharmacia Biotech, Uppsala, Sweden), interphase cells were collected, washed twice with Hanks' balanced saline solution (Gibco, Karlsruhe, Ger-many), and resuspended at a final concentration of 2 ϫ 10 6 cells/ml in RPMI-1640 medium with Glutamax (Gibco) containing 5% heat-inactivated human serum (selected lot with low intrinsic stimulating activity in PBMC cultures).
MMLC culture conditions and reagents
For allogeneic cell activation, we used two-way MLC. PBMC from different healthy adult blood donors were mixed in equal numbers (5ϫ10 5 from each donor) and cultured at 450 l/well in pyrogen-free, 48-well culture plates (Falcon, Heidelberg, Germany). LPS from Escherichia coli 026:B6 (Sigma, Taufkirchen, Germany), recombinant cytokines, and antibodies were added to a final volume of 500 l. We incubated triplicate cultures under identical conditions without change of medium for up to 5 days at 37°C in a humidified 5% CO 2 atmosphere. The cell viability at the end of the incubation period was shown to exceed 90% by the trypan blue dye exclusion test. Culture supernatants were harvested and stored in aliquots at -20°C until cytokine determination.
Human recombinant IL-12 and IL-4 and mouse anti-human IL-12 monoclonal antibody (mAb) were obtained from R&D Systems (Wiesbaden, Germany). Human recombinant IL-18 and mouse anti-human IL-18 mAb were purchased from MBL (Nagoya, Japan). All mAb were specific for the appropriate cytokine without cross-reactivity with other human cytokines. Hydrocortisone was obtained from Amersham Pharmacia Biotech.
Cytokine enzyme-linked immunosorbent assay (ELISA)
The IFN-␥ ELISA was based on a matched mAb pair purchased from Endogen (Woburn, MA) and human recombinant IFN-␥ protein (PharMingen, Heidelberg, Germany) as standard. The detection limit was 4 pg/ml.
Thymidine proliferation assay
For proliferation analysis, cells were incubated in round-bottom plates at a final concentration of 1 ϫ 10 6 cells/ml. LPS was added in 15 l to a final concentration of 0.1 ng/ml and a total volume of 150 l. After 5 days of incubation, each well was pulsed with [ 3 H] thymidine (TRA120 obtained from Amersham Pharmacia Biotech) corresponding to 1 Ci per well in a volume of 50 l. After 18 h, cells were harvested, washed, transferred to glass fiber membranes (Canberra Packard, Schwadorf, Austria), and counted in scintillation mix (Canberra Packard) in an imaging reader (Canberra Packard).
RNA isolation and reverse transcriptase (RT) reaction
Total RNA from PBMC was stabilized and isolated using the PAXgene™ blood RNA system (PreAnalytix, Hilden, Germany) according to the manufacturer's protocol. RT was performed using Ominscript RT kit from Qiagen (Valencia, CA). In brief, the mixture contained 4 l 10ϫ RT buffer, 0.5 mM deoxyunspecified nucleoside 5Ј-triphosphate, 20 U RNase inhibitor (Promega, Mannheim, Germany), 8 U Omniscript RT, 1 M oligo-dT primer (Roche, Mannheim, Germany), 20 l sample RNA, and RNase-free water to a total volume of 40 l. cDNA was aliquoted and stored at -20°C until use.
Quantitative cytokine mRNA analysis
The quantification of cytokine mRNA molecules was performed on an ABI PRISM 7700 sequence detector system (Applied Biosystems, Weiterstadt, Germany) using the modified method as described earlier [10] . In brief, the polymerase chain reaction (PCR) master mix contained 5 l 10ϫ TaqMan buffer A (10ϫ: 100 mM KCl, 100 nM Tris-HCl, 100 mM EDTA, 600 nM passive reference A, pH 8.3), 3.5-5.5 mM MgCl 2 (all from Perkin-Elmer, Foster City, CA), 200 M deoxy-adenosine 5Ј-triphospahte, -cytidine 5Ј-triphosphate, -guanosine 5Ј-triphosphate, and 400 M -uridine 5Ј-triphosphate, 100 -200 nM forward and reverse primer, 100 -200 nM fluorogenic probe (all from Applied Biosystems), 1.25 U AmpliTaq Gold DNA polymerase (Perkin Elmer), and RNase-free water in a total volume of 40 l. Water control (10 l), diluted standards, or unknown cDNA template were added to a final volume of 50 l. The following sequence-specific primer pairs and fluorogenic probes were obtained from Applied Biosystems: ␤-actin: 5Ј-ATT GCC GAC AGG ATG CAG AA-3Ј; 5Ј-GCC GAT CCA CAC GGA GTA CT-3Ј; 5Ј-FAM-CAA GAT CAT TGC TCC TCC TGA GCG CA-tetramethylrhodamine (TAMRA)-3Ј; IFN-␥: 5Ј-TGA ATG TCC AAC GCA AAG CA-3Ј; 5Ј-CCT TGA AAC AGC ATC TGA CTC CTT-3Ј; 5Ј-FAM-TGG CGA CAG TTC AGC CAT CAC TTG GA-TAMRA-3Ј. The same master mix was used for samples and standards to reduce tube-to-tube variation. For standard preparation, cDNA fragments of ␤-actin and IFN-␥ were cloned into the pCR2.1 plasmid (Invitrogen, Karlsruhe, Germany). Serial tenfold plasmid dilutions (1ϫ10 7 -1ϫ10 1 molecules) were used in triplicates to generate standard curves. PCR conditions were 2 min at 50°C, 10 min at 95°C for DNA polymerase activation, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C with a final hold for 2 min at 25°C. The fluorescence signals of each well were collected every 7 s, and threshold cycles were set at 10 SD above the baseline fluorescence. The ␤-actin content of test samples was defined as normalization factor. Standardized cytokine mRNA quantities (cytokine copies/10 4 ␤-actin copies) were determined by dividing the interpolation-derived values from the cytokine standard curve by the normalization factor.
Statistics
Cytokine levels determined by ELISA are expressed as mean Ϯ SD of triplicates from a representative experiment out of three using different pairs of PBMC donors unless indicated otherwise. Data were analyzed using GraphPad Prism Version 3.02 (GraphPad Software, San Diego, CA). For mean comparisons, Student's unpaired two-tailed t-test or one-way ANOVA and an appropriate post-test were used as indicated. P values Ͻ0.05 were considered significant.
RESULTS
LPS enhances IFN-␥ production in MMLC
To investigate the interaction between innate and specific immunity, we first studied the kinetics of IFN-␥ secretion of untreated PBMC and allogeneic-activated PBMC (MMLC) over 5 days of incubation ( Table 1) . The basal concentration of IFN-␥ in culture supernatants was below 0.1 ng/ml. No increase of IFN-␥ levels could be observed in unstimulated PBMC, whereas the activation in MLC resulted in elevated cytokine levels with maximum levels at days 4 and 5 up to 7 ng/ml. For the activation of cells of the innate immunity, we added 10 ng/ml LPS to PBMC. LPS raised the IFN-␥ release in PBMC continuously over 5 days up to 22 Ϯ 1 ng/ml. The addition of 0.1 ng/ml LPS to MMLC resulted in higher IFN-␥ levels than in PBMC alone activated with 10 ng/ml LPS. This enhanced cytokine secretion was caused solely by LPS, as preincubation of LPS with PmB completely blocked the additional cytokine release ( Table 1) . As the IFN-␥ response to the different stimuli tested here increased continuously until day 5, we selected the suboptimal stimulation until day 4 for further analyses.
Furthermore, we investigated whether LPS could increase the IFN-␥ production in a dose-dependent manner. The addition of 0.1, 1, and 10 ng/ml LPS to MMLC resulted in a clear, dose-dependent increase of IFN-␥ release compared with LPSuntreated MMLC (Fig. 1) . Compared with basal levels in three independent MMLC experiments, IFN-␥ levels were only slightly increased by 0.01 ng/ml LPS (1.6-fold), whereas LPS stimuli of 0.1, 1, and 10 ng/ml led to 6.2-, 10.1-, and 10.8-fold elevated IFN-␥ levels (PϽ0.01 for all three stimulations).
For further investigations, we selected LPS concentrations of 0.1 and 1 ng/ml. The analysis of IFN-␥ mRNA amounts revealed an enhanced transcription in the presence of LPS, as IFN-␥ mRNA levels in the LPS-stimulated MMLC were two-to threefold higher than in untreated MMLC (Fig. 2) . This increase of IFN-␥ mRNA and protein levels is not a result of an elevated cell number, as LPS did not enhance the proliferation of cells compared with untreated MMLC as measured by thymidine incorporation after 5 days of incubation (Fig. 3) . Thus, LPS dose-dependently enhances IFN-␥ transcription and protein synthesis without inducing cell proliferation.
Involvement of IL-12 and IL-18 in LPS-mediated IFN-␥ release
To identify the mediators of IFN-␥ release in MMLC, the effect of neutralizing mAb against IL-12 and IL-18 was studied. First, we tested the required amount of mAb in MMLC to reduce IFN-␥ release induced by the corresponding cytokine. Antibody concentrations of 1 g/ml anti-IL-12 mAb and anti-IL-18 mAb were sufficient to reduce the IL-12-enhanced IFN-␥ production by 70% and the IL-18-enhanced IFN-␥ production by 50% (Fig. 4A) .
The effect of anti-IL-12 and anti-IL-18 mAb in LPS-treated MMLC is illustrated by a representative experiment in Figure   4B . In a total of three independent experiments, the same amount of anti-IL-12 mAb in LPS-stimulated MMLC led to a decrease of IFN-␥ production to 57. PBMC were stimulated with LPS (10 ng/ml) or allogeneic cells (PBMC ϩ PBMC designates MMLC with cells from two unrelated donors). Additionally, MMLC were incubated with LPS (0.1 ng/ml) or LPS preincubated with PmB (0.1 g/ml) to abolish LPS effects (LPSϩPmB). Cultures were incubated in triplicates until the indicated time point. Results from one representative experiment out of three are shown. P values are given compared with the corresponding untreated culture (* PϽ0.05; ** PϽ0.01; *** PϽ0.001; unpaired two-tailed t-test).
Fig. 1. Dose-dependency of LPS-mediated IFN-␥ release in MMLC on day 4.
For MMLC culture, PBMC of two unrelated donors were mixed in equal numbers. Different concentrations of LPS were added at the onset of culture. All cultures were performed in triplicates; supernatants were harvested after 4 days. One representative experiment out of three is shown (analysis with ANOVA and Dunnett's post-test; **, PϽ0.01, compared with untreated MLC). induced a strong cytokine release, the doses of IL-18 required for comparable results were 2000-fold higher (Fig. 5, A and  B) . Adding both cytokines simultaneously to MMLC in nonstimulating concentrations increased the IFN-␥ levels significantly compared with the single cytokines (Fig. 5C ). This suggests a synergy of both cytokines requiring high amounts of IL-18 and very low concentrations of IL-12.
IL-4 and hydrocortisone inhibit IFN-␥ production in the presence of LPS
To examine whether immunomodulatory approaches can influence the outcome of combined innate-and adaptive-immune reactivity, we added increasing concentrations of IL-4 and analyzed IFN-␥ release into the supernatant after 4 days.
Recombinant IL-4 could almost block LPS-mediated IFN-␥ release when added in physiologically occurring concentrations of 20 ng/ml and below (Fig. 6A) . Additionally, we tested the effect of the highly immunosuppressive steroid hydrocortisone on cytokine release. Hydrocortisone blocked even in low concentrations 85% of IFN-␥ release after LPS activation (Fig.  6B) . Therefore, the MMLC test system described here is sensitive to very low levels of selective immunomodulatory drugs and general immunosuppressive agents.
DISCUSSION
The MLC as described by Perussia et al. [11] has initially been suggested as a surrogate assay for the characterization of graft rejection in transplantation settings. In MLC, PBMC from two donors are cocultured, whereby usually the irradiated APC from one donor serves to stimulate immune cells of the second donor. IFN-␥ secreted by T lymphocytes and natural killer (NK) cells, which have been activated by innate-immune cells, is the predominant cytokine in MLC [12] . Human leukocyte antigen (HLA) differences are responsible for the induction of IFN-␥ release, but no clear correlation between number of HLA differences and IFN-␥ amount could be shown [13] . Although the clinical value of this system initially proposed as an in vitro model for the prediction of graft rejection in transplantation remains controversial [14 -16] , the MLC is nevertheless an important model for alloactivation of T cells upon stimulation by APC primarily belonging to innate immunity. As the MLC represents a complex system containing all hematopoietic cell types of innate and adaptive immunity, it should be possible to adapt this system for other immunological purposes, which require a combination of physiological conditions yielding valid and reliable results and would otherwise need in vivo experiments. Our objective was the development of a MMLC assay that could be used for the characterization of known drugs and the screening for novel, therapeutic agents with immunomodulatory properties that might be of interest for the treatment of inflammatory processes that are associated with atherosclerosis and type 2 diabetes (Fig. 7) . To induce a stronger immune response while avoiding unphysiological stimuli, our experimental approach is based on nonirradiated PBMC from pairs of unrelated donors in the presence of very low concentrations of LPS, which comprises membrane glycolipids of Gram-negative bacteria and binds to CD14, a membrane-anchored protein that is mainly expressed by myeloid cells. Preceding association with LPS-binding protein increases the binding affinity for LPS. Subsequently, the complex aggregates with Toll-like receptor 4, which leads to the activation of intracellular signaling cascades, resulting in the activation of the nuclear transcription factor-B and transcription of cytokine-encoding genes [17, 18] . Upon activation with LPS, human monocytes and macrophages secrete IL-6, IL-1␤, and the T helper cell type 1 (Th1)-promoting cytokines IL-12 and IL-18 [19] . In combination with IFN-␥, these innate immunity-derived cytokines in turn induce T cell proliferation and cytokine secretion. In addition to the induction of Th1-immune mediators, LPS has also been reported to induce Th2 reactivity. In animal models of autoimmune diabetes, LPS can suppress as well as enhance autoimmune diabetes [20 -23] . Which of the two prevails depends on the cell type treated with LPS (in vitro and in cell transfer studies) and the immunological state of the organism treated with LPS [21] . In cocultures of nonirradiated PBMC from pairs of unrelated, healthy donors, we found that the expected cytokine release could be elevated dose-dependently by very low LPS levels (100 pg/ml corresponding to 50 pg/10 6 cells) without enhancing cell proliferation. These data are in contrast to previous observations, which described increased cell proliferation in classical, one-way MLC by LPS doses of only 5 pg/ml corresponding to 20 pg LPS/10 6 cells [24, 25] but might be explained by differences in medium composition. In our study, the cell-culture medium was supplemented with 5% human serum from a lot that has been selected for low stimulating activity in MMLC assays and might contain agents that increase the threshold dose for LPS-induced proliferation.
The LPS-mediated IFN-␥ release in the MMLC system is mainly mediated by IL-12 and to a lesser extent by IL-18. IL-12 and IL-18 share important functional similarities. IL-12 is considered as the main IFN-␥-inducing cytokine in T cells and promotes Th1 differentiation [26] . IL-18 acts on Th1 cells and synergizes with IL-12 in T cell activation and IFN-␥ induction but can also activate NK cells independently of IL-12 [27, 28] . Contrary to our findings, Kohka and co-workers [29] reported almost complete blocking of LPS-enhanced IFN-␥ release in MLC by neutralizing mAb against IL-12 or IL-18, suggesting redundant effects of both cytokines. However, their MLC was based on high-dose LPS activation (5 g/ml), which represents a nonbiological concentration of LPS. Such an extreme stimulus might result in different mechanisms of IFN-␥ induction compared with very low-dose LPS stimulation protocols [29] .
It is conceivable that additional immune mediators besides IL-12 and IL-18 trigger optimal IFN-␥ release upon allogeneic and/or LPS stimulation in MMLC. It is interesting that LPS has been demonstrated to stimulate regulatory T cells independently of interaction with innate-immune cells [30] , and LPSactivated monocytes also produce IL-15 and other cytokines that can contribute to optimal IFN-␥ release by NK cells in synergy with IL-12 [31] . Therefore, the MMLC system as described here reflects the complexity of the physiological in vivo situation and should allow for the identification of immunomodulatory substances. The sensitivity of the test system is exemplified by addition of different doses of the Th2 cytokine IL-4 and hydrocortisone. As described previously [32] , IL-4 counteracts IFN-␥ release, which might be a result of effects on different cell types. IL-4 acts on monocytes by decreasing CD14 expression and therefore impairing LPS binding [33] and by inhibiting LPS-induced expression of IL-12 p40, leading to considerably lower IL-12 p70 and p40 protein release [34] . Furthermore, IL-4 decreases the expression of the high-affinity IL-12 receptor on T cells [35] . Similar to low-dose IL-4 treatment, a concentration of only 1 g/ml hydrocortisone sufficed to strongly inhibit IFN-␥ production in LPS-activated MMLC.
In the strict sense, the LPS-activated MMLC mimics the situation of transplant patients having received standard conditioning regimens including total body irradiation. The combination of conditioning-related toxicity and the release of inflammatory cytokines such as IL-12 during graft-versus-host disease (GVHD) leads to damage of the gastrointestinal tract and subsequent leakage of LPS into the circulation [36, 37] . Analysis of a murine GVHD model demonstrated that LPS accumulated in liver and spleen and also appeared in serum at concentrations of up to 6 ng/ml [38] .
Taken together, our findings elucidate the mechanisms in MMLC of allogeneic activation and stimulation by very low LPS concentrations of 0.1 and 1 ng/ml, which represent a physiological stimulus. We found that IL-12 and to a lesser extent IL-18 are important mediators of activation, which are presumably released by cells of innate immunity. This leads to subsequent activation of adaptive immunity, which can be measured as IFN-␥ release. Immunomodulatory agents such as IL-4 and hydrocortisone can interfere at low concentrations with the interplay of innate and adaptive immunity, leading to an altered IFN-␥ response. Therefore, the MMLC system offers the required complexity of an immunological test system in combination with low expense in terms of financial resources and time. 
